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© Achromatic overclad fiber optic coupler. 

© An achromatic fiber optic coupler of the type wherein a plurality of single-mode optical fibers, each having a 
core and a cladding, are fused together along a portion of the lengths thereof to form a coupling region. The 
propagation constants of the fibers are preferably equal; however if the fiber claddings have different refractive 
indices the lowest cladding refractive index is n 2 . A matrix glass body of refractive index n 3 surrounds the 
coupling region, n 3 being lower than n 2 by such an amount that the value of A 2 - 3 is less than 0.125%, wherein 
A 2 -3 equals (n 2 2 -n 3 2 )/2n 2 2 . 
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Dd^NtliU' U' iv . 

This .nvention re.ates to s,ng,e-mode ~ fa^jZJZ^" ^ ' 
uniform coupling of .ight between fibers ^^^^Z ^ fibers S a side-by-side relationship 
Fused fiber couplers have ^^^^^ Lel^ to secure the fibers and reduce the 
a ,ong a suitable .ength thereof and fusing the c.add ^ ^ ^ 
spacings between the cores. Various C0 ^^°^\^X resl Lg in the formation of an "overc.ad 
capillary tube prior to heating and *^^^22?wi a tube, the tube is evacuated, and its 
coupler". To form an overc.ad coupler he be are inserted ^ . § drawn 

midreg.cn is heated and col.apsed onto the f bars- The ce p 

down to that diameter and coupling length which * coupler . the coupling ratio of wh.ch ,s 

,dentica. optica, fibers were "^^"^^ "f^tO nm it cannot function as a 3 dB coupler 

iiss z^t^tzvz::^^ ~ - - - - - ~ 

i5% within a 60 nm window. rniin iina ratio is less sensitive to wavelength than it is for a 

An -achromatic coupler" is one where-n the coupling^ aho is • The least str ,ngent 

standard coupler. There is no wide.y accepted definition of an ^ characteristics than 

definition would mere.y require an achromafic c ^LyC s^dficTtion is tightened by requiring an 
the standard coupler in the first window. More J^L^ jn that Brst window, or to require , .t to 
achromatic coupler to perform r*^JS7^SS?Si. These windows might be specified, for 
exhibit low power transfer slopes .n two windows of specked w a wjndows need 

Tample. as' being 100 nm wide ^ L for example. An optimal.y performing 

not have the same width; their widths could £ 80 nm ^ s|ope Qver essentia .ly the 

refractive indices n a and n b is defined as 



A a -b = (n a 2 -n b 2 )/(2n a 2 ) 0) 
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For simplicity of expression. A is often ex P r *^ propagation con- 

Heretofore, achromatic couplers were formed by mploy g ^ djameter ^ 

— rJ^SSS: ST iSSW ~ - .0 identica, fibers more than the 

patents 5.0,1,5, and 5.0^,16 ^. o^^^ St^Z^ZZ 
coupled fibers are surrounded by matrix g lass ; having a J e ditferent since the fibers have 

cladding material. The propagation constants oMh. W» ^ Qf the cladding 0 , the 

different cladding refractive indices^ The J^^STE second fiber is such that the coupler exh.bits 
first fiber and the refractive index n 2 of the « <> relative i y wide band of wavelengths, 
very little change in coupling ratio with wavelength index n , by the symbol A 2 - 3 . the 

Vs. patenfs 5.011.251 and 5.044.7 16 characterize ^ tube ref active commercially available 

va ,ue of which is obtained by substituting n 2 and n, a Q ^ ^ ^ „ si)ica „ 

s,ng.e-mode optica, fibers usually have a value o n 2 *at J of decreasing the tube 

employed as the base glass for the tube, a dopant :,sat Idee, me ^ ^ refractive 

reTactLe index n 3 to a value lower than n 2 . Those ^»rj^*e\oftening point temperature thereof to a 
ndex of the tube, the dopant B 2 0 3 also ^^^^^o IL the tube refractive index, 
value lower than that of the fibers. "™™***^™ 2 ^ 'J amount of B 2 0 3 in a silica tube -s 
Those patents teach that when A 2 - 3 . « below ^ jt excessively deforms the fibers 
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Summary of the Invention 

It is an object of the invention to provide a single-mode achromatic fiber optic coupler that is 
characterized by a very small change in coupled power over a wide band of wavelengths. Another object is 

5 to provide an achromatic coupler, all optical fibers of which can be identical. A further ob,ect is to prov.de 
an achromatic fiber optic coupler of the type having N fibers surrounding the input fiber (N>2). where.n the 
coupling of power from the input to the output fibers is nearly 100%. whereby coupler loss .s minimized. 

The achromatic coupler of the invention comprises a plurality of optical waveguide paths extending 
through a body of matrix glass. Each of the paths comprising a core region surrounded by a cladding 

w region of refractive index less than that of the core region, the lowest refractive index of the cladding 
regions of the paths is n 2 . The optical waveguide paths extend in sufficiently close proximity for a 
sufficiently long distance that a portion of the optical power propagating in one of the paths couples to the 
other of the paths. The refractive index of at least that region of the body adjacent the paths is n 3 , where n 3 
is lower than n 2 by such an amount that the value of A 2 - 3 is less than 0.125%. 

75 In one embodiment, the waveguide paths comprise optical fibers and the matrix glass is a cylindrically- 
shaped body through which the fibers longitudinally extend. The body has first and second opposed ends 
and a midregion. The diameter of the central portion of the midregion and the diameters of the optical fibers 
in the central portion of the midregion are smaller than the diameters thereof at the ends of the body. 

The achromatic fiber optic coupler of the present invention is formed by inserting into a glass tube at 

20 least a portion of each of a plurality of optical fibers so that the portions occupy the midregion of the tube. 
Each of the fibers comprises a core of refractive index n, and a cladding of refractive index less than n, . 
The lowest cladding refractive index of any of the fibers, which is n 2 , is greater than n 3 by such an amount 
that the value of A 2 - 3 »s less than 0.125%. wherein A 2 - 3 equals <n 2 2 -n 3 2 )/2n 2 2 . The midregion of the tube is 
collapsed onto fibers, and the central portion of the midregion is stretched until a predetermined coupling 

25 occurs between the fibers. 

Brief Description of the Drawings 

Fig. 1 is a cross-sectional view of an overclad 2x2 coupler. 
30 Fig. 2 is a graph of minimum average insertion loss v. ring fiber-to-center fiber chlorine difference for a 
1 x8 coupler. 

Fig. 3 is a graph of coupling constant v. inverse draw ratio at three different wavelengths for a 2x2 
switch coupler having a A 2 - 3 value of 0.35%. 

Fig. 4 is a schematic illustration of the outer surfaces of two tubes having different draw ratios and 
35 different coupling distances but similar coupling. 

Fig. 5 is a graph wherein the "NAT Difference", the difference parameter of equation (7), is plotted as a 
function of A 2 - 3 in for wavelengths of 1310 nm and 1550 nm. 

Fig. 6 is a graph of refractive index plotted as a function of tube radius for one type of tube. 

Fig. 7 is a cross-sectional view of a capillary tube after optical fibers have been inserted therein and 
40 after it has had a vacuum clamp attached to one end. 

Fig. 8 is a schematic illustration of an apparatus for collapsing a capillary tube and stretching the 
midregion thereof. Fig. 9 is a partial cross-sectional view illustrating the collapse of the glass tube around 
the fibers to form a solid midregion. 

Fig. 10 is a partial cross-sectional illustration of a fiber optic coupler after it has been drawn down and 

45 sealed at its ends 

Fig. 11 is a graph illustrating spectral coupling ratio curves for an achromatic 2x2 coupler produced by 
the method of Example 1. 

Fig. 12 is a cross-sectional view of a capillary tube illustrating a fiber insertion step. 

Fig. 13 is a cross-sectional view showing a spacer tube on the end of a fiber. 
50 Fig. 14 is a fragmentary cross-sectional view of the coupler preform of Fig. 12 after all optical fibers 

have been inserted therein. 

Fig. 15 is a graph illustrating spectral coupling ratio curves for an achromatic 1x8 coupler produced by 

the method of Example 2. 

Fig. 16 is a graph illustrating spectral coupling ratio curves for an achromatic 1x8 coupler produced by 

55 the method of Example 3. 

Fig. 17 is a graph illustrating spectral coupling ratio curves for an achromatic 1x6 coupler produced by 

the method of Example 4. 
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thereby the .ration of input power that is couple £ • M optica, fibers extend from one end 

thereot. oy uw coupler, where MSI ana inc*. ■ k coupler that couples 

sensitivity of the couphng. In ^ co p ^ (S a 1x2 or 2x2 coup 

SToTS stretch rate can vary continuously or ,n reheated . and stretching can occur at a 
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strTtchtng o elongation distance of the subsequen stretchmg distance was 

Jr,» analysis was hassd on ths pnfwpw aught « P „ „„ .«6 

OoKTwLaguide W Chacman and H*J ^^'JStJSL C to acecdanc* «ith mis W 



EP 0 578 982 A1 



determined exactly for such a structure (see M.J. Adams. An Introduction to Optical Waveguides ). 

The coupling constant which describes the optical coupling between the two cores can then be written 
as an overlap integral: 

C = (0*2(0(0 -n')dA (2) 

In this equation, and + 2 are the mode fields of the two cores, r and r f are the radial distances from the 
center of the cores of fibers F, and F 2 . respectively, n is the index structure of the entire coupler, n' is the 
index structure with the core of F, replaced by overcladding material of index n 3 . and the integral is over 
the entire cross-section of the coupler (but n - n' is only non-zero over the core and cladding of fiber F, ). 
The mode fields are assumed to be normalized in this equation, i.e. the integrals /4i 2 dA and /* 2 2 dA both 
equal 1. 

While these are tapered devices, their qualitative behavior is adequately modeled by assuming a 
constant draw ratio over a given coupling length, with no coupling outside this length, i.e. assuming that the 
diameter of region N of Fig. 1 is constant over the entire length z. This approximation works well since the 
coupling constant is a rapidly increasing function of draw ratio, and thus the behavior of a coupler is 
dominated by the behavior at the highest draw ratio. Using this approximation, with the power launched into 
core 1. then, as a function of z, the length along the coupler axis, the power in the two cores is given by 

Pi (z) = 1 - Psin 2 (Cz/F) (3) 
and 

P 2 (z)=F 2 sin 2 (|z) (*) 
where the factor F is given by 

where £1 and are the propagation constants of fibers F, and F 2 . respectively. 

Results can be made more quantitative by integrating the coupling equations along the taper. Still more 
accurate simulations may be done using beam propagation techniques (Fourier transform, finite difference, 
etc.). although at the cost of much increased computational time. 

The coupled mode model was used to determine the coupling constant for a 2x2 coupler as a function 
of draw ratio for three different wavelengths in a coupler with a A 2 - 3 value of 0.35%. Most of the 
assumptions which were made concerning coupler parameters are based on work done on standard 
overclad couplers. Fibers Fi and F 2 were assumed to be standard 125 um outside diameter single-mode 
fibers having a core radius of 4 um. The core and cladding refractive indices n< and n 2 were assumed to 
be 1.461000 and 1.455438, respectively. The model was used to generate the graph of Fig. 3, which 
illustrates the physical mechanism responsible for the improvement in achromaticity of the couplers of the 
present invention. In Fig. 3. the coupling constant is plotted as a function of inverse draw ratio for a parallel 
core 2x2 coupler. It can be seen that the coupling constant at a given wavelength increases very rapidly 
with increased draw ratio. However, at very large draw ratios there is a maximum in the curves. This is 
caused by the fact that eventually the mode field expansion becomes so large that the overlap between the 
mode fields of the two fibers, in the region consisting of the core and cladding of one of the fibers (which is 
where the coupling constant overlap integral is taken), actually decreases because of decreasing mode field 
amplitude. At draw ratios significantly smaller than that at the maximum, the coupling constant at the longer 
wavelengths is larger because its expansion is larger due to diffractive effects. However, this fact implies 
that the maximum coupling at the longer wavelengths occurs at a smaller draw ratio since the draw ratio at 
which maximum coupling occurs is determined by the point at which further mode field expansion 
decreases the amount which the mode field from one core overlaps that from the other core. Since the 
mode field expansion is greater at longer wavelengths for a given draw ratio, the maximum occurs at 
smaller values of R for longer wavelengths. As illustrated in Fig. 3. this causes the coupling constant curves 
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<° intersect. sirigle draw ratio (see Fig. l>. in order to obtain 

ln a nontapered parallel core dev.ce ha-ng a , .ng. e m he coupler geometry would be 

achromatic performance (e g. equal coupl.ng ™ * u constant cu rves. Rcsoss 'or the two 

chosen so as to operate at the crossover pant of the coup g which include s all draw 

wavelengths as il.ustrated in Fig. 3. In a ^pered device. f have 1fW t0 the left of the 

rat ios up to a maximum. FW it is necessary^ o ha. • of the tape r (see region LW 

crossover point in Fig. 3). This ; ,s because at tow 6ra. ra ^ wavelengths . and S o long 

between dashed lines 5 and 6 of F.g. 4). the coWW « ler also inc ludes a reg.on SW 

wavelength light couples more. By tapenng ^.^^ "^shorter wavelengths, thereby compensat- 
(be tween dashed lines 4 and 5) where the couphng .ss trong* * s ^ ^ ^ ^ Rg 4 The ex 

arr-r-^^ - - — 9 equat,ons over ,he tapere 

F,g. 3 and the previous discussion related there,. « -n ^that - ^ 

would be needed to form an achromafc coupler wherem A -3 ■ ^ ^ .„ Iing 

in a relatively h.gh excess loss for the foHWJ £ ^^S B ° relaltoniW p is il.ustrated in Fig. 4 wherem 
strength, thereby necessitating a shorter couphng distance ^ dashe(j )jnes respectively . 

double window A ^'^"".I'^rXoW STS. *Jy <*«« - • h " K " 0n 

along its length <o,igin of i "» ™»«« *« « ^ „ ^ , „ glv8n 

involving the maximum draw ratio. Rmax. ana me yau 
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R(2) = 1 + (Rm/vx- 1)expKz;u>o) 2 ] 



(6) 



5l , 9rri 2x2 WDM coupler are Rmax from 3 to 6 and «,„ from 
Typical vatues of these parameters for a ^andard 2x2 WDM c P ^ ^ ^ ^ ^ f 

3000 to 6000 am. The mode, revealed that values of the pa ^ coup)ers of th 

current coupler values for very small values of A*-,- By curre P ^ Qf ^ wl „ 

35 type disclosed in U.S. patent 5,011.251. wherem ^-'^^^draw ratio) and down (toward smaller 
displace the curves of Rg. 3 to the having eas i,y achievable draw ratios 

values of maximum coupling constant), wh ^^™^ qirir< £ value of Rmax becomes sma.ler. and the 

Motions due to noeadiabatic toed. «^^^ST«S couples to th. LP., diode in an ideal 
and LP., .nodes. The LP,, ntode ,s me lowea ^ modes . , M pallets ,aldaaz| 
m „ched She, couple,. From eooalion (6) I nd me « o I lh* LP^ a ^ ; ^ ^ „ measurea 

* ^^^srsssru — . -— * - — 

l/2»W(LP a , >-jS(LPo2)] - 1/a|da/<Jz| > 0 (7) 

^ e„ ho«in as the "NAT Difference", is plotted as a 
50 The difference parameter of equation (7). referred » as ^ calculate(j 

function of A.- 3 in Fig. 5 for wav e.e ngths of ^"^Si-- The 1300 nm curve experiences a NAT 
A2 . 3 values from 0.02% to 0.14% at ^^^^2 of about 0.125%. 

Difterence of zero at a maximum possible *^ e *^ achr0 maticity improvements can be obtamed 

From practical experience, it was found that «9"' ^ nm Witn the taper s that 

S5 with A 2 - 3 values of about 0.045% or ess Fig. 16. achromatic couplers could not be 

could be achieved on draw equipment °\^"^*™*ZmL couplers at A 2 -3 values greater than 
formed when A 2 - 3 was 0.09%. However. — a burner able to provide a smaller. 

0 045% tubes having smaller outside d.ameters could be empioyeo 
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more tightly focused flame could be used. Best results have been obtained with A 2 - 3 values of about 
0 01% to 0 02% The lower limit of measurement capability of A 2 - 3 is 0.01%. 

The above discussion details the invention in the context of 2x2 couplers. The same phys.cal 
phenomena lead to the application of the principles of the invention to MxN couplers. Of particular interest 

s in many passive optical networks is the 1xN splitter. 

in one type of coupler referred to as a power splitter, a central input fiber is surrounded by a plurality of 
equally spaced output ring fibers in the coupling region. A ixN power splitter can be formed such that N 
fibers are disposed around one input fiber; in such a device, the input fiber should retain as little power as 
possible in such a coupler the central fiber and the ring fibers preferably have "substantially matched 

io propagation constants". Experiments were performed to ascertain the effect of A0 (the difference in 
propagation constants between the central fiber and the ring fibers) on insertion loss for 1x8 splitters in 
which eight ring fibers are disposed around a central fiber (a thin glass spacer tube was located between 
central and ring fibers). A difference between the propagation constants of the central fiber and the outer or 
ring fibers was introduced by doping the fiber claddings with different amounts of chlorine. As shown in Fig. 

rs 2 wherein A 2 - 3 is about 0.02%. insertion loss was lowest when the ring and central fibers were identical, it 
is an advantage of this type of txN splitter that all of the optical fibers utilized therein can be standard 
telecommunication fibers. 

In another type of IxN splitter. N-1 fibers are disposed around one input fiber, and one-Nth of the input 
power remains in the input fiber, which functions as one of the N output fibers. In order to equalize the 

20 power in all of the fibers, including the central fiber, it may be advantageous to employ an inner fiber having 
a slightly different propagation constant than the ring fibers. Based on the teachings of U.S. patent 
5 011 251. it is thought that a maximum AB of about 0.002 urn" 1 might be useful in such a coupler. Such a 
A& value can be obtained by employing a central fiber having slightly different cladding refractive index 
than the ring fibers. The difference between the lowest refractive index n 2 and the highest fiber cladding 

25 refractive index n 2 ' should be sufficiently small that A elads will preferably be less than 0.03%. The value of 
A clads is obtained by substituting the cladding indices n 2 and n 2 " for n a and n b of equation <1) and solving 
for A. In the event that the claddings of the fibers have slightly different refractive indices, the lowest 
refractive index n 2 is to be used for the purpose of calculating A 2 - 3 . 

The coupled mode theory can be generalized to the case of N fibers around 1 fiber (N>2) (see. for 

30 example. Figs. 14 and 19-21). The coupling constant between any two fibers is defined as it was in the 2x2 
case The index structure in this case is too complicated to solve without further simplification or more 
complicated modeling. As a first approximation, the following case was considered: all fibers except for the 
two in question are replaced by overcladding index material. This then allows exact solution. If only nearest- 
neighbor coupling is considered (usually a good approximation), and it is assumed that power is input .nto 
35 the central fiber, then the power as a function of length in any one of the ring fibers is given by 

Pi(z) = f^/N sin 2 (Cz/F) j = 1 N (8) 

where 

40 



F 2 = - 



1 + 



45 



AC 2 



<3o is the propagation constant of the central fiber; /3, is the propagation constant of the ring fibers, all of 
which are assumed to be identical (the model can be extended to non-identical); C = N*C 0 i: Co> is the 
coupling between central and each ring fiber (C 0 i = O02 = - = C 0N ); and C12 is the coupling between 
50 adjacent ring fibers (Ci2 -C23 = ...). 

The central fiber power, which is assumed to be 1 on input, is given by 

Po(2) = 1 - Psin^Cz/F) (10) 

55 The physical mechanism leading to improved achromaticity in an MxN coupler is identical to that 
leading to achromaticity improvements in a 2x2 coupler. Further, the improvements are similar for similar 
A 2 - 3 values, and the nonadiabatic mode coupling limitations are also thought to be similar. Thus, a similar 
range of A 2 ~3 values should give optimum functionality for MxN couplers as for 2x2 couplers. 
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There are a number of different apples that can * taken ,~ ^^-J — 2£ 
of A,-,. One approach involves the use of a pure S.O: : lutos anc op T his technique provides 

Codings to prov.de them with a ^^Z^Z^^^ ™ ^ m ** 

good control of refract.ve index of both tube and iber c mm 9 difference in viscosity between 

disadvantage of this combination of glasses was J, relatively hjgh excess loss. 

m tube and the fibers. This caused the ^^^ZT^le of n/thaUs equal to or near that 

Commercially available smg.e-mode opfical V ^ , small amount 

of silica. When this type of fiber ,s employed the tube can be to m iq ^ fjber 

of B 2 0 3 (inthe range of 0.15 wt.% to 1.0 wt.%). The tfeO, ~ ft ' nS ™ ceM ? 0SS . If the tube is formed 
cladding glass, thereby resulting in the ^S^^tTnS^ comprising Si0 2 doped 

* - 1 ° L ,evei — to provide 

decreasing dopants such as B 2 0, and f.uonne and refractive index n 3 that results in 

Geo. and TiO, The combination o, the two types o ^J^ 0 ^ enhances to a certain extent the 

S.a^^^ 

~ — ^ ^ COU ' d 

a.so be formed from melted glass or by a ^eo employed to make achromatic couplers. 

Tubes having radial changes in composition have as o been emp ^ me desired 

The inner region of the tube adjacent the ^^^^Z^ns\^ refractive indices 
value of A 2 -3. The remainder of the tube can ^ ° ™ 9 ^ jnner region of the tube 

that differ from the inner region. Reference is made to F.gjv w P ^ ^ range of 

between the inner surface r is and ^ton ^ r, ^ ™ coup , ef wilh achroma ti C ity. 

0.15 wt.% and 2.0 wt.% to P™" « "^J* m.? contain a higher concentration of 6,0, than 

The outer tube region between r, and the outer surface <<>™V jn(Jex ion , tner eby better 

the inner region. The higher B.O, ^£ ' excess 'osses have been achieved using both 
confining the optical power. Couplers hav.ng S ™*!*™ S * , step deC rease in refractive index with 
substantially constant radial refractive .ndex tubes and tubes having step 

radius - ^^ hn ir,„A results in a coupler having optical fiber pigtails 

Whereas the preferred manufacture * of type wherein the fibers extend 

extending therefrom, the invention *^»%^%^J^. Methods of making such a 
through the elongated matrix gfass body but end " u * w ^£ e * rjef| the metnod comprises inserting 
coupler are disclosed in U.S. patents No^TMM ™ d ^ * Mg the reS u.«ant preform to 

a plurality of optica, fiber preform rods ""*^ V ™^^ is appli ed to the centra, region of each 
form a g.ass rod which is then severed into a , phraMy £ M • PP 
unit, and the central region is stretched to form a tapered region 

Example 1 

A method of making a 1x2 achromatic fiber optic ^^^^^^^^^ 
glass capillary tube 10 having a 3.8 cm process, had a refractive index 

diameter was employed. Tube 10. which was formed by a flame hydro y p ^ ^ ^ ^ ^ 
gradient of the type shown in F.g. 6. The .nner region betwee r , an* , ^ about 

8.0 wt. % B 2 0, and 2.5 wt.% Ge0 2 . The outer wa s measured optically to 

8 wt. % B 2 0 3 . The thickness of the inner reg.on was 300 am. The value o 

be 0.02%. riiameter sinqle-mode optical fibers 19 and 20 having a 250 

Coated fibers 17 and 18 comprised 1 25 ^^2jSS?y. Both fibers had an 8 urn diameter core of 
urn diameter urethane acrylate coatings 21 and 22 respectively operating wavelength 

siiica doped with 8.5 wt. % GeO, The <^^S^^?^nm. the cutoff wave.engths of the 
of the coup.er. .f. for example, the minimum opera.ng J^JX whjch were standard te ,ecommuni- 
fibers are selected to be between 1200 nm and N 5 01 1.251. 

cation fibers, were made in accordance with *J~*^J^J^^^ 0 f coated fiber ,8. An 
A 6 cm long section of coating was remove* from he end of a i mete ^ ^ ^ ^ ^ ^ 
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fiber 20 was heated by a burner flame to cause the glass to recede and form a rounded endface. the 
diameter of which was equal to or slightly smaller than the original uncoated fiber diameter. The resultant 
stripped end region was about 3.2 cm long. 

Approximately 3.2 cm of coating was stripped from the central region of a 3 meter length of fiber 17. 

5 The uncoated sections of fibers 17 and 18 were wiped, and a small amount of ethy! alcohol was squirted 
into the tube to temporarily lubricate the fibers during the insertion process. 

Coated fiber 17 was inserted through bore 11 until its uncoated portion was situated below tube end 15. 
The uncoated portion of coated fiber 18 was held adjacent the uncoated portion of coated fiber 17. and both 
were moved together toward tube end 14 until the coating end regions were interior to funnel 13. The 

w uncoated portion of coated fiber 17 was then disposed intermediate end surfaces 14 and 15. End 25 of fiber 
18 was located between midregion 27 and end 14 of tube 10. A small amount of UV-curable adhesive was 
applied to fibers 17 and 18 near end 15 to tack them to funnel 13 and to fiber 17 near end 14 to tack it to 
funnel 12. Preform 31 was then inserted through ring burner 34 (Fig. 8) and was clamped to draw chucks 
32 and 33. The chucks were mounted on motor controlled stages 45 and 46. The fibers were threaded 

75 through the vacuum attachments 41 and 4V. which were then attached to the ends of preform 31. Referring 
to Fig. 7, vacuum attachment 41 was slid over the end of tube 10. and collar 39 was tightened, thereby 
compressing O-ring 38 against the tube. Vacuum line 42 was connected to tube 40. One end of a length of 
thin rubber tubing 43 was attached to that end of vacuum attachment 41 opposite preform 31; the remaining 
end of the tubing extending within tube clamping means. Upper vacuum attachment 41' was similarly 

20 associated with line 42', tubing 43* and tube clamping means. The coated portions of the fibers extended 
from tubing 43 and 43*. Vacuum V was applied to coupler preform 31 by directing air pressure against 
tubing 43 and 43' as indicated by arrows 44, 44\ thereby clamping the tubing against the fibers extending 
therethrough. 

With a vacuum of 61 cm of mercury connected to the tube bore, ring burner 34 was ignited. Flames 
25 were generated by supplying gas and oxygen to the burner at rates of 0.45 slpm and 0.90 slpm. 

respectively. The flame from ring burner 34 heated tube 10 for about 12 seconds. Midregion 27 of the 

matrix glass collapsed onto fibers 19 and 20 as shown in Fig. 9. 

After the tube cooled, the burner was reignited. the flow rates of both the gas and oxygen remaining the 

same. The flames heated the center of the collapsed region to the softening point of the materials thereof. 
30 After 8 to 10 seconds, the supply of oxygen to burner 34 was turned off. Stages 45 and 46 were pulled in 

opposite directions at a combined rate of 1.0 cm/sec to elongate tube 10 by 0.65 cm to form neckdown 

region 51 (Fig. 10). the length and diameter of which were sufficient to achieve the desired optical 

characteristics in a single stretching operation. 

After the coupler cooled, the vacuum lines were removed, and drops 48 and 49 of adhesive were 
35 applied to ends 14 and 15 of the tube. The adhesive was cured by exposure to UV light, and the coupler 

was removed from the chucks. 

The spectral insertion loss curves for a switch made in accordance with Example 1 are shown in Fig. 

11. Curve P 2 represents the coupled power. The excess loss for that switch was 1 .6 dB and 2.4 dB at 1290 

nm and 1560 nm, respectively. The double peak in the coupling ratio curves of Fig. 11 characterizes the 
40 resultant device as an ideal double window switch coupler. Approximately 91% of the total power 

propagating in the two fibers 17 and 18 at end 15 is guidecf by optical fiber 18 at 1290 nm and 

approximately 99% of the power is guided by output fiber 18 at 1560 nm. Couplers made in accordance 

with Example 1 exhibited a median excess device loss of about 2 dB. The lowest measured excess loss 

was 1 .4 dB. 

45 

Example 2 

A 1x8 achromatic splitter was made by a method similar to that described in Example 1 except for the 
following differences. A glass tube 55 (Figs. 12 and 14) having a 3.8 cm length, 2.8 mm outside diameter. 

so and 465 urn longitudinal bore diameter was employed; it was formed of silica doped with about 0.5 wt. % 
B2O3. the composition being relatively uniform throughout its radius. The composition of tube 55 was 
determined by wet chemistry; A 2 -a was then extrapolated to be 0.022% at 1300 nm from a known 
relationship between refractive index and B2O3 content. 

Since only six optical fibers can fit around another fiber of equal diameter, a glass spacer tube must be 

55 placed around a central fiber to permit seven or more fibers to be equally spaced around the central one. A 
spacer tube having an outside diameter of 205 urn and an inside diameter of 130 urn can be used with 
eight optical fibers having an outside diameter of 125 urn. A length of coated spacer tube can be used as a 
tool for initially inserting the eight fibers around the surface of the tube bore. A length of spacer tube was 
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w 



20 



25 



provided with a urethane acry.ate coating • ^^^^^^^'^ 

antiref.ection term.nat.ons. Eight optica, fibers 61 ^JS* toward end 64 of tube 55 until the fiber 
they contacted coating 57. The eight f.bers were moved l»gew ^ & ^ mm (ong piece 

coatings 62 were in funnel 59. The coated ^^££££Z£a* tube 72 was composed of Si0 2 
of spacer tube 72 were fire po.ished to round off_ any me njntn (iber 71 was inserted ,nto 
doped with 0.5 wt.% B 2 0, throughout ,ts ^ u »;. ^ ""^^Id through funnel 65 and into the cavity at 
spacer tube 72 (Fig. 13). and the <«^™*^™ ^d been removed. The insertion step was 
the center of the eight f.bers 61 from wh.ch J^^diamrt* end of funne. 65. A fragmentary cross- 
continued unti. coating 73 reached the sma. d.a ^ uv . curable adheswe was 
sectional view of the resultant preform is shown in i-.g. • 

a'** 0 '- . * h mpr at rates of 0 55 slpm and 1 .10 slpm. respectively, the flame 

With gas and oxygen flowing to the burner at rates ot P ^ ^ {ube cooled , 

heated the tube for about 18 --nds to co„ap^ he -tnx J- o ^ ^ 

with flow rates of gas and oxygen rema.n.ng the ^e^e ^ bumer 34 was turned 

rSSS ^r^^-^ at a combined rate of 1.0 cnvsec until the centra. 

shown in Fig. 1 5. The curves represent the power eouphrito each oMhe. 9 9 |qss was , ess 

about 1.0 dB at 1430 nm. The lowest measured excess loss was 0.8 ao 



30 



35 



Example 3 



40 



45 



A 1x8 coupler was made by a method = to - ~ "i^^ 
except that the tube had a radial compos.t.on g J*££»J JJ" The valu 9 e of A2 _, was extrapolated to be 
,o r, of Fig. 6) was composed of SiO, doped with 0.5 SiQ d d with 8.2 wt.% B^O,. The 

0 022% at 1300 nm The remainder of the tu be was J ^ £ ^ ^ was ,. 8 dB . 09 dB and 
spectral insertion loss sso^nrn" 1 respectively^ Th(T^nsertion "toss was less than U, dB in each 

ST i ^Z^^SZ^Ji^ U P to about 1565 nm. 



Example 



, ■ KaH in pvamole 2 except for the following 

A 1x6 coupler was made by a method ^\T\^ Ts iT^'^L, and 380 um 
differences. A g.ass capillary tube having a ,3. 8 cm tong • so wt. % B 2 0 3 and 2.5 wt % 

,ongitudina. bore diameter was employed, .t ™J£^^M-n» value of A.-, was 0.02% at 1300 
Ge0 2 . the composifion being re.at.vely ^^ f ^°^Z fiber of equal diameter, no spacer ring was 
so nm. Since six ring fibers can be equally ^ ^outside diameter optica, fiber having a 350 um 

used. The fiber insertion tool was merely a p.ec * of 25 um. outs ^ ^ ^ ^ ^ This 

diameter urethane acry.ate coating: about M cm , o« joating ^str pp ^ ^ ^ Rg |2 

-fiber- tool was used in the same manner as the ' ^ The tQ0 , was remove d and was replaced 

insert the six fibers around the ^ers^ce * tQ tne tube bore during the tube co..apse 

ss by the central fiber. A vacuum of 45.7 cm of mercury was apu 

step. . , ner ,, rates o, o 55 slpm and 1 1 slpm. respectively, the flame 
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gas and oxygen remaining the same; the burner was reignited. After the central portion of the collapsed 
region was heated for 10 seconds, the supply of oxygen to the burner was turned off. Stages 45 and 46 
were pulled in opposite directions at a combined rate of 1.0 cm/sec until the central portion of midregion 27 
was stretched 0.6 cm. 

5 The spectral insertion loss curves are shown in Fig. 17. The minimum excess loss for that coupler was 

0. 54 dB at 1460 nm. The insertion loss was less than 9.1 dB in each output leg of that coupler from 1260 
nm to 1580 nm and was less than 9.0 nm from 1285 nm to 1575 nm. The absolute slope was 0.0033 dB nm 
[0.010 %nm] at 1310 nm and was 0.0043 dB/nm [0.013 %/nm] at 1550 nm. 

io Example 5 

For comparison purposes, a 1x6 coupler was made by a method similar to that described in Example 4 
except that the tube refractive index was such that A 2 - 3 was about 0.5%. Tube composition in the region 
adjacent the bore was Si02 doped with 2 wt.% B2O3 and 2 wt.% F. The resultant coupler exhibited higher 
15 insertion loss {see Fig. 18) and the spectral insertion loss curves exhibited greater slope than the coupler of 
Example 4. Various fiber packing arrangements are illustrated in connection with the specific examples. The 
modifications discussed below in connection with Figs. 19-21 can be used in the manufacture of other kinds 
of 1xN couplers or splitters. In these figures, a small circle concentrically within a large circle represents a 
core in an optical fiber. A large circle having no smaller circle within it represents a "dummy" fiber having 
20 no core and a length that is slightly shorter than the tube. The composition of the dummy fiber is such that 
its refractive index is the same or about the same as that of the tube. The dummy fibers could be formed of 
the same material as the tube. 

The fibers in a 1x3 splitter can be arranged as shown in Fig. 19. The coupler preform is stretched until 
all of the power couples from the central fiber to the three ring fibers at the wavelength or wavelengths of 
25 interest, depending on whether the device is to operate at one or two windows. 

The arrangement of Fig. 19 would also be used in a 1x4 splitter if, after the stretching operation is 
completed, the same amount of power remains in the central fiber as is coupled to each of the three ring 
fibers. 

The arrangement of Fig. 20 can similarly be used to make a 1x4 splitter (by stretching so that all of the 
30 power couples from the central fiber to the four ring fibers) or a 1x5 splitter if, after the stretching operation 
is completed, the same amount of power remains in the central fiber as is coupled to each of the four ring 
fibers. 

In a similar manner, the fiber arrangement of Fig. 21 can be used to form a 1x6 or a 1x7 splitter. 

It may be possible to apply the principles of the present invention to fused fiber couplers by first fusing 
35 and stretching a plurality of optical fibers and thereafter potting or immersing the coupling region in an 
optical medium of proper refractive index such as oil. epoxy or the like. A disadvantage of such a coupler 
may be a sensitivity of the refractive index of the optical medium to temperature. 

Claims 

40 

1. A coupler comprising 

a body of matrix glass, and 

a plurality of optical waveguide paths extending through said body, each of said paths comprising a 
core region surrounded by a cladding region of refractive index less than that of said core region, the 
45 lowest refractive index of the cladding regions of said paths being n 2 . 

said optical waveguide paths extending in sufficintly close proximity for a sufficiently long distance 
that a portion of the optical power propagating in one of said paths couples to the other of said paths. 

the refractive index of at least that region of said body adjacent said paths being n 3 , where n 3 is 
lower than n 2 by such an amount that the vlue of A2-3 is less than 0.125%, wherein A2-3 equals (n 2 2 - 
50 n 3 2 )/2n2 2 . 

2. A coupler in accordance with claim 1 wherein said waveguide paths comprise optical fibers. 

3. A coupler in accordance with claim 2 wherein said matrix glass is an elongated body, or a cylindrically- 
55 shaped body, or a tube, through which said fibers longitudinally extend, said body or tube having first 

and second opposed ends and a midregion. the diameter of the central portion of said midregion and 
the diameters of said optical fibers in said central portion of said midregion being smaller than the 
diameters thereof at the ends of said body, whereby a portion of the optical power propagating in one 
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of said fibers couples to the other of sa.d hbers. 

, m i 2 or 3 wherein the refractive index of said matrix glass 
A fiber optic coupler in accordance w.th claim 1 2 or 3 where, 
body is substantially uniform throughout ,ts radius. 

■ i 9 nr 3 wherein said matrix glass body compr.ses an 

N£2. 

wherein A c »ad S is (n2 2 -n 2 , -)2n 2 2 . 

* 1-6 wherein said matrix glass comprises 

A fiber optic coupler in accordance with any one of claims 1 6 
S1O2 doped with up to 2.8 wt. % B 2 Oo. 

^ ,nw onp of the ©receding claims comprising 
. A method of making a fiber optic coupler ^^^J^J* porticos and a 

providing a glass tube having h st and Jcon^PP ^ ^ tf ^ the , nner 

sr„rrr 32.= — - . — - - ~ 

core, the lowest refractive index of the ^ s Ls than 0.125%. wherein * 2 -3 equals 
is greater than n, by such an amount that the ^ 0 ^ 3 tube midregio n having no coating 

(V-n 3 *)/2n 2 *. at least that part of each f,ba rVM * midregi0 n. at least a portion of at 
Ureon. said fibers having a «^^JSj2y^ ■** end * Said ^ * *° 

s: sisrs: ttszxp&r — - — end of sa,d tube - 

10 . A method in accordance with Cairn 8 wherein the refractive index of said tube is substantially uniform 
throughout its radius. 

. -m ft or 9 wherein the thickness of said inner region of said tube. 
11 A method in accordance with claim 8 or 9 wherein me 
befTe the step of drawing, is at least 300 am. 

ka - 1 aort N£6 and wherein the step of 
12. A method in accordance w.th claim 8 ^ ^herem M- - a nd^ ^ ^ & 

disposing said fibers in said bore comprises inserting into & cy „ndr,ca< protrusion 

having an outside diameter such that , s ™9f J tS '^/^ of said tube, inserting said N fibers 
extending axia.ly from an end of said too. toward the an£j CQntact said end of said 

into the second end of said tube so they Q J oi said tube so said N fibers extend 

tool, moving said N fibers and sa.d tool toward he ^ ^ ^ thefeby c 

SSMS: rt- fiber into - « end of said tube and mto the 
cavity within said N fibers. 

,k , Wm I9 ,o.ll wferein M Sep ol collapsing *»d «• 
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